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ABSTRACT
Core-collapse supernova (SN) explosions mark the end of the tumultuous life of massive stars. Determining the nature of their
progenitors is a crucial step towards understanding the properties of SNe. Until recently, no progenitor has been directly detected
for SN of type Ibc, which are believed to come from massive stars that lose their hydrogen envelope through stellar winds and from
binary systems where the companion has stripped the H envelope from the primary. Here we analyze recently reported observations
of iPTF13bvn, which could possibly be the first detection of a SN Ib progenitor based on pre-explosion images. Very interestingly,
the recently published Geneva models of single stars can reproduce the observed photometry of the progenitor candidate and its
mass-loss rate, confirming a recently proposed scenario. We find that a single WR star with initial mass in the range 31–35 M
fits the observed photometry of the progenitor of iPTF13bvn. The progenitor likely has a luminosity of log(L?/L) ∼ 5.55, surface
temperature ∼ 45000 K, and mass of ∼ 10.9 M at the time of explosion. Our non-rotating 32 M model overestimates the derived
radius of the progenitor, although this could likely be reconciled with a fine-tuned model of a more massive (between 40 and 50 M),
hotter, and luminous progenitor. Our models indicate a very uncertain ejecta mass of ∼ 8 M, which is higher than the average of the
SN Ib ejecta mass that is derived from the lightcurve (2–4 M). This possibly high ejecta mass could produce detectable effects in
the iPTF13bvn lightcurve and spectrum. If the candidate is indeed confirmed to be the progenitor, our results suggest that stars with
relatively high initial masses (> 30 M) can produce visible SN explosions at their deaths and do not collapse directly to a black hole.
Key words. stars: evolution – stars: supernovae: general – stars: massive – stars: winds, outflows – stars: rotation
1. Introduction
Core-collapse supernova (CCSN) explosions mark the end of the
life of stars with initial masses (Mini) above ∼ 8 M. CCSNe are
generally luminous events that are classified according to their
spectrum and lightcurve (Filippenko 1997), with type II SNe
presenting strong H lines in their spectrum. Conversely, type I
CCSNe do not present H lines and are further subdivided into
types Ic (without He lines) and Ib (with He lines).
Most of the observed features of SNe, such as the temporal
evolution of the spectrum, absolute magnitudes, and colors, are
determined by characteristics that can be traced back to prop-
erties of the progenitor, such as its mass, radius, and chemical
composition. For that reason, it is thought that different kinds
of SNe are produced by different progenitors, which in general
would come from both single and binary stars.
The properties of SN progenitors can be constrained using
several complementary techniques. These include direct imag-
ing of the progenitor in pre-explosion images (e.g. Smartt 2009),
hydrodynamical modeling of the lightcurve (e.g. Nomoto et al.
1993) and spectrum (e.g. Dessart et al. 2011), and analysis of the
progenitor’s environment (e.g. Modjaz et al. 2008), among oth-
ers. To extract all the information about the progenitor contained
in the observations, these techniques are often used in combina-
tion with stellar evolution models.
While the progenitors of SN II have fortuitously been di-
rectly imaged in the past decades (Smartt 2009), no detection
of a SN Ibc progenitor has been obtained until recently (Smartt
2009; Eldridge et al. 2013, hereafter E13). Supernova Ibc pro-
genitors are believed to come in part from massive stars that
lose their H envelope due to stellar winds, becoming Wolf-Rayet
(WR) stars (Maeder 1981), and in part from binary systems
where the H envelope has been stripped by a companion (Pod-
siadlowski et al. 1992). However, the non-detection of WRs as
SN Ibc progenitors has cast doubt on whether single WR stars
could produce SN Ibc. While Smartt (2009) and E13 suggest
that single WRs are bright and should have been detected in
pre-explosion images, Yoon et al. (2012) suggest that single WR
stars at the pre-SN stage could be very hot and faint in the opti-
cal bands. Based on detailed evolutionary and atmospheric mod-
eling, Groh et al. (2013b) (hereafter G13) confirm that SN Ibc
progenitors from single stars are too faint to have been detected
in the pre-explosion optical images of the SN Ibc sample from
E13. Therefore, not detecting WR stars in SN pre-explosion im-
ages do not preclude them from being the progenitors of SN Ibc.
Recently, Cao et al. (2013) (hereafter C13) report a possible
detection of the progenitor of the SN Ib iPTF13bvn. The candi-
date source was detected within the 2σ error of the SN astrome-
try and, based on its absolute magnitudes, has been suggested as
a massive WR star, with a hydrostatic radius smaller than a few
R and a mass-loss rate (M˙) of ∼ 3 × 10−5Myr−1 (C13).
Our goal here is to investigate the nature of the possible pro-
genitor of iPTF13bvn, and constrain the luminosity, surface tem-
perature, spectral type, and initial mass of the progenitor. This is
achieved by comparing theoretical predictions of SN progeni-
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Fig. 1. Absolute magnitude of the SN Ib progenitor models as a function of Mini, in the ACS/WFC F435W (left), F606W (middle), and F814W
filters (right). The progenitor spectral type is color coded, with cyan symbols corresponding to WOs and blue symbols to late WN stars. The
evolutionary model type is coded as open (without rotation) and filled (with rotation) symbols. The orange regions correspond to the absolute
magnitudes of iPTF13bvn derived from the measured photometry. The upper limits of other SN Ib progenitors (2001B and 2012au, from E13) are
shown by horizontal dashed lines. The non-rotating 32 M model fits the observations of the iPTF13bvn progenitor relatively well.
tors, based on combined stellar evolution and atmospheric mod-
els from G13 to the observed properties of iPTF13bvn from C13.
2. Stellar evolution and atmospheric models of SN
progenitors
Our strategy here is to employ our recent Geneva stellar evolu-
tion and atmospheric models of stars Mini= 9–120 M, computed
in Groh et al. (2013a) and G13. Therefore, the models presented
here are not fine-tuned to reproduce any specific observation.
Below we briefly remind the reader of the main properties of the
models and refer to the aforementioned papers for further details.
The evolutionary models were computed with the Geneva
stellar evolution code and are presented in their vast majority
in Ekström et al. (2012). A few additional models are shown in
G13. The models assume solar metallicity1 and were computed
both for the case of no initial rotation and for an initial rotational
speed of 40% of the critical velocity on the zero-age main se-
quence. The output spectra are computed using the atmospheric
radiative transfer code CMFGEN (Hillier & Miller 1998), which
is a state-of-the-art, full line-blanketed, non-local thermodynam-
ical equilibrium, spherically symmetric code. As input parame-
ters, the models computed here assume the physical conditions
provided by the stellar evolutionary calculations, such as the hy-
drostatic radius R?, luminosity L?, mass M?, and surface abun-
dances. The stellar evolution solution and the atmospheric solu-
tion are merged using the temperature structure of the envelope.
A hydrostatic solution is computed for the subsonic atmosphere
and is joined to a β-type wind velocity law. Our models consider
wind clumping with a volume-filling factor of f = 0.1.
Our grid of models allows one to employ, for the first time,
theoretical synthetic spectra and photometry of SN progenitors
that were computed self-consistently with the evolutionary cal-
culations to analyze the observations of SN progenitors.
3. The elusive progenitors of SN Ibc and the case
of iPTF13bvn
The nature of the SN Ib progenitors from single stars depends
on their Mini and rotation (G13). We do not expect that our mod-
els are able to reproduce all SN Ib progenitor observations, but
1 The host galaxy of iPTF13bvn (NGC5806) has an oxygen abundance
of 12 + log(NO/NH) = 8.5 (Smartt et al. 2009), so the use of models at
solar metallicity is appropriate.
only those arising from single stars. We briefly recall the main
findings from G13 concerning the SN Ib progenitors from single
stars (see their Fig. 4). Non-rotating models predict that 72% of
the progenitors are late WR stars of the WN subtype (WN7–8)
and have 32.0 M < Mini < 45.0 M. The remaining 28% of
the SN Ib progenitors are WR stars of the WO subtype (WO1–
3) with 45.0 M < Mini < 52.2 M or 106.4 M < Mini <
120.0 M. In this context, the non-rotating models are represen-
tative of stars that are born as slow rotators. Rotating models
with vrot/vcrit = 0.4 indicate that 96% of the SN Ib progenitors
are WN 10–11 stars (25.0 M < Mini < 30.1 M), while 4%
are WO 1–3 stars (82.0 M < Mini < 88.7 M). These mass
ranges assume chemical abundance criteria to determine the SN
type, with SN Ib having no H and more than 0.6 M of He in the
ejecta, and SN Ic having no H and less than 0.6 M of He. As
discussed in, say, Georgy et al. (2012), the mass ranges quoted
above are uncertain.
Our models produce several quantities that can be compared
to data derived from the observations of SN progenitors, allow-
ing one to constrain the nature of the progenitor. We argue that
absolute magnitudes are the most direct property that can be em-
ployed in the comparison, since they are obtained from the obser-
vations of SN progenitors in an almost model-independent way.
Figure 1 presents the absolute magnitudes of our SN Ib pro-
genitors as a function of Mini. These broadband absolute mag-
nitudes are computed by convolving the high-resolution spec-
trum of the progenitor with a given filter bandpass. As such,
they include both the contributions of spectral lines and con-
tinuum, since both are probed by the observed broadband pho-
tometry. In the present case, we use the same filters in which
the possible iPTF13bvn progenitor was detected (Hubble Space
Telescope/Advanced Camera for Surveys, HST/ACS). This illus-
trates one of the strengths of our approach, since no filter trans-
formations between different photometric systems are needed.
Our progenitor models can be divided into two main groups:
relatively bright (M555W=−5.5 to −6.2 mag) massive WNLs,
and relatively faint (M555W=−3.1 to −4.1 mag), very massive
WOs. For other well-classified SN Ib, such as SN 2001B and SN
2012au, all models lie below the detection threshold, in agree-
ment with a non-detection in the pre-explosion images (G13).
To avoid errors due to filter transformations, we decided to use
the original HST/ACS photometry of iPTF13bvn from C13 to
obtain the absolute magnitudes in these filters, instead of using
the absolute magnitudes in BVI filters provided by these authors.
They measured m435W = 26.7±0.2 mag, m555W = 26.5±0.2 mag,
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Fig. 2. (a): HR diagram showing the evolutionary tracks of non-rotating 32 M (solid) and 40 M models (dashed), with the red circles representing
their endpoints. The location of the possible progenitor of iPTF13bvn is depicted by the brown region, whose size does not correspond to a formal
error analysis and is merely indicative of the possible location of the progenitor. The color code refers to the mass at each timestep divided by Mini.
The endpoints of the non-rotating 30 and 50 M models are also shown (blue circles). (b): Continuum-normalized optical spectrum of the 32 M
model at the pre-SN stage, showing it is a typical WN7–8 star (G13). The strongest features are identified. (c): Chemical structure of our 32 M
model at the end of the core carbon-burning stage, when the model has 10.9 M. The variations in the mass fraction of different species is shown
as a function of the radius, with the surface of the star being to the right, at 9.69 R, and the center to the left at 0.0 R.
and m814W = 26.4 ± 0.2 mag. We also assume the same distance
(d=22.5 Mpc; Tully et al. 2009), and reddening (local extinction
E(B−V) = 0.0437, foreground extinction E(B−V)=0.0278, and
RV=3.1) estimated by C13. We thus find that the possible pro-
genitor has M435W = −5.3 ± 0.4 mag, M555W = −5.5 ± 0.4 mag,
and M814W = −5.5 ± 0.4 mag.
We find that some of the non-rotating WNL SN Ib progen-
itor models are in excellent agreement with the observed pho-
tometry (Fig. 1). This is remarkable given that the models have
not been fine tuned. For instance, the non-rotating model with
Mini=32 M has M435W=−5.66 mag, M555W=−5.52 mag, and
M814W=−5.47 mag. The non-rotating 40 M model is brighter
than the observations in the F435W. The 50 M model is too
faint in all bands in which the progenitor was detected. SN Ib
progenitors with Mini > 50 M are WO stars (cyan) and are
typically at least 1 mag fainter than the observations. SN Ib
progenitors with Mini = 28 M are too bright and can also be
discarded. SN progenitors with Mini < 25 M do not produce
SN Ib (Georgy et al. 2012). Thus, while our non-rotating 32 M
model fits the observed photometry of the possible progenitor of
iPTF13bvn best, we cannot discard that a fine-tuned non-rotating
model between 40–50 M (or a rotating model between 28 and
32 M) could also fit the data (Fig. 1). We note that the absolute
magnitudes of SN Ib progenitors are strongly dependent on Mini
(Fig. 1), which is the reason Mini is well constrained.
Therefore, if the detected star is indeed the progenitor of the
SN Ib iPTF13bvn, our models indicate that the progenitor is con-
sistent with a single WR star that had Mini ∼31–35 M. Figure 2a
shows the evolutionary tracks of the non-rotating 32 and 40 M
models in the Hertzprung-Russell (HR) diagram. The progeni-
tor of iPTF13bvn would have a final mass of 10.9 M, surface
temperature of T? ∼ 45000 K (computed at a Rosseland opti-
cal depth of τRoss = 20), effective temperature of ∼ 40000 K
(computed at τRoss = 2/3), and log(L?/L) ∼ 5.55. According
to our models, the progenitor would have a spectral type of WN
7–8o, with the optical spectrum characterized by broad, strong
emission lines of He ii, He i, N iii, and N iv (Fig. 2b).
Our models also predict other theoretical quantities that can
be compared to those derived from the observations. We stress
here that unlike the progenitor photometry, these other quan-
tities are obtained from the observations by modeling the SN
lightcurve and/or spectrum. In the case of iPTF13bvn, there
are two other physical properties that have been determined
(see C13), namely the progenitor hydrostatic radius (less than
a few R ) and M˙ ∼ 3 × 10−5Myr−1. Regarding M˙, our non-
rotating 32 M model predicts that the SN progenitor will have
M˙ = 2.9 × 10−5Myr−1, in excellent agreement with the value
derived from the observations. The hydrostatic radius of this
model, however, is 9.65 R, which seems to be larger than what
is allowed from the lightcurve modeling (< few R; C13). A fine-
tuned model with Mini between 40 and 50 M could probably
yield a lower value for the hydrostatic radius and still fit the ob-
served photometry and mass-loss rate.
The chemical abundances and total amount of mass in the
SN ejecta (Mej) also provide constraints on the nature and chem-
ical structure of the progenitor star itself. Figure 2c presents the
chemical structure of the 32 M at the pre-SN stage, which we
suggest is similar to the progenitor of iPTF13bvn. This model
has no H left because of mass loss due to stellar winds, and
the CO core has 8.9 M. As of yet, no determination of Mej of
iPTF13bvn exists in the literature. Our 32 M model predicts
Mej = 7.89 M, of which 2.89 M are composed of He (Georgy
et al. 2012). We note here that while our models are able to pro-
vide a good estimate for the amount of He in the ejecta, Mej
may be quite uncertain due to difficulties in estimating the rem-
nant and fallback mass. Based on 1-D hydrodynamical models,
Ugliano et al. (2012) suggest a remnant mass of ∼ 2.0 M for
32 M stars, implying Mej ∼ 9.0 M. Although uncertain, this
value of Mej is much higher than the average Mej of SN Ib that is
usually derived from the SN lightcurve (∼ 2 − 4M; Drout et al.
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2011; Cano 2013). This would imply that the high Mej could
have detectable effects on the SN lightcurve and spectrum, mak-
ing iPTF13bvn a peculiar SN Ib. Because the high luminosity of
the candidate progenitor implies a high mass, a large Mej would
be inferred independently of whether the progenitor followed a
single or a binary evolution scenario.
4. What if the candidate star is not the progenitor
of iPTF13bvn?
As discussed by C13, imaging of the SN site in a few years time
is needed to confirm that the candidate star is indeed the pro-
genitor of iPTF13bvn. We now assume that the source detected
close to the SN position is not the progenitor of iPTF13bvn and
discuss the possible scenarios.
First, a more massive WR of the WO spectral type, with
Mini = 50 to 120 M, could be undetectable in the pre-explosion
images (Fig. 1). Assuming that the putative undetected progeni-
tor has similar amounts of reddening as the one towards the can-
didate, these WOs would appear with m435W = 27.5 to 28.9 mag,
m555W = 27.8 to 28.9 mag, and m814W = 27.7 to 28.7 mag at
the distance of iPTF13bvn. They would most certainly be fainter
than the magnitude limit of the pre-explosion observations, un-
less the latter are unusually deep. Since the specific values of the
magnitude limits in the different bands are not available to us,
we cannot gauge the likelihood of this scenario.
Second, we cannot leave out the possibility that a reddened
WN star similar to the one discussed above, with Mini=32 M,
is the actual progenitor. A reddening ∼1–2 mag greater than the
local reddening of E(B−V) = 0.0437 estimated by C13, perhaps
because of the presence of circumstellar material, would make
the WN star undetectable. In this case, the progenitor would have
the same nature as we suggested in Sect. 3.
Third, a low-mass, faint WR star formed via binary evolution
could be the progenitor, as expected from binary models (e.g.,
Podsiadlowski et al. 1992). These progenitors would in principle
be much fainter (because they have low mass) than the detection
limit of the pre-explosion images. For instance, low-mass binary
stars known as V Sagittae stars (Steiner & Oliveira 2005), such
as HD 45166 (Groh et al. 2008), have been suggested as SN
Ibc progenitors (E13). As shown by Groh et al. (2008), these
stars have relatively low luminosities (log(L?/L) = 3.75) and
high effective temperatures (Teff=50000 K), so they would be
undetectable in the pre-explosion images. However, it would be
challenging to reconcile the M˙ values found for the progenitor
of iPTF13bvn (∼ 3 × 10−5Myr−1) with the values found for
low-mass, WR-like stars that had their envelope stripped by a
companion such as V Sag stars. They have M˙ ∼ 2× 10−7Myr−1
(Groh et al. 2008), which is about two orders of magnitude lower
than is inferred for the progenitor of iPTF13bvn. In addition,
the companion of these stars are cool, late B-type stars with a
comparably low M˙, so the companion could not be responsible
for the relatively high M˙ inferred for the progenitor.
5. Prospects for detecting SN Ibc progenitors
We have shown that the photometry of the candidate progenitor
of the SN Ib iPTF13bvn is consistent with that of a single WR
star at the pre-SN stage, confirming the results from C13. Here,
we went one step further and estimated that the progenitor has
a WN 7–8 spectral type and Mini ∼ 31 − 35 M. Since SN Ib
comprises 35% of the total sample of SN Ibc, one may wonder to
what extent it is likely that a SN Ib progenitor has possibly been
detected, while many SN Ic progenitors remain undetected in
pre-explosion images. Our models indicate that most of the SN
Ib progenitors (70–96%) are brighter than the SN Ic progenitors
(G13). This is because the majority of SN Ib progenitors are not
as hot as the SN Ic progenitors, so the earlier ones have more flux
in the optical bands. Because of that, while SN Ibs are rarer than
SN Ics, it is more likely that a SN Ib progenitor is detected in pre-
explosion images, and SN Ib progenitors will likely dominate
future samples of directly detected progenitors of SN Ibc.
We can also estimate the maximum distance up to which a
SN Ib progenitor coming from single-star evolution would be di-
rectly detected in pre-explosion images. This depends on the ab-
solute magnitude and reddening of the progenitor in the filter of
the pre-explosion image and on the magnitude limit of the image.
For this purpose, we use the absolute magnitudes from Fig. 1 and
assume a magnitude limit of 26.7 mag in F435W and low red-
dening (similar to the one towards the progenitor of iPTF13bvn).
Since the brighter SN Ib progenitor according to out models is
the one from the rotating 28 M model, we find that SN Ib pro-
genitors could be detected up to 42 Mpc.
It is interesting to compare this maximum distance for de-
tecting SN Ib progenitor with the one derived for single SN Ic
progenitor models. For the same F435W filter, magnitude limit,
and reddening, a value of 8.4 Mpc is obtained (G13). Thus, SN
Ib progenitors should be detected up to much greater distances
than SN Ic progenitors. In addition, for distances over a certain
threshold (8.4 Mpc given the assumptions above), the sample
of directly detected SN progenitors will be incomplete, with the
majority of the sources being SN II and a few being SN Ib.
The possible detection of a SN Ib progenitor is also ex-
tremely interesting since it indicates that a very massive progeni-
tor (Mini > 30 M) can still produce a visible SN event. If a black
hole (BH) has been produced, then this would also indicate that a
BH formation can sometimes be linked to a visible SN event. Of
course, this last conclusion is quite speculative, since it is fairly
difficult to know if the iPTF13bvn remnant is a BH or NS. How-
ever, we cannot discard that this question may be answered in
the future, and efforts towards that goal are warranted.
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